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UFe, aloyswith compositions from x = 1.60 to 13.20 at. % of Fe, are superconducting with maximum transition temperature, Tc = 3.59 K.
X-ray diffraction analysis, showsthe existence of different compositionswith formula a-U+Fe and solubility limit closetox = 1.76 + 0.87 at.
% Fe. With increasing Fe the solid solution UgFe phase forms and coexists with the metastable a-U+Fe until it saturates. The annealing
process to the samples accelerates the formation of UgFe, modifying substantially the magnetic characteristics, but without changing its
superconducting transition.
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Aleaciones de UFe, con composiciones desde x = 1.60 a 13.20 (at. % de Fe) muestran transiciones superconductoras que se incrementan
hasta una temperatura méaxima de T = 3.59 K. Andlisis de difraccion por rayos X muestran la formacion de diferentes composiciones
a-U+Fe, con limite méximo de saturacion cercano aXsq: = 1.76 + 0.87 at. % Fe. En X4+ Seinicialaformacion de la solucion solida UgFe.
El recocido de las muestras incrementa la formacion de UgFe, a expensas de las composiciones metaestables iniciales. Este proceso de
recocido modifica substancialmente las caracteristicas magnéticas de las composiciones intermedias, pero sin que cambien las caracteristicas

superconductoras.

Descriptores: Superconductividad; magnetismo; fermiones pesados; al eaciones de uranio.

PACS: 74.70.Ad; 74.25.Ha 74.70.Tx
1. Introduction

Actinides and lanthanides elements with incomplete f-shells
present many interesting characteristics when alloyed with
transition metals. Uranium element, for instance, has an in-
complete electronic f-shell and is paramagnetic and super-
conducting near 0.68 K [1-2]. It can give rise to heavy
fermion behavior with superconducting, antiferromagnetic,
ferromagnetic, and paramagnetic characteristics when al-
loyed with transition elements. Heavy fermion behavior
arises because the f-electronic shell, being incomplete and
ill-formed, is relatively close to the Fermi level and at low
temperatures it may resonates, mixing the d band and f elec-
trons. The result of this process is a compound in which the
mass of the electrons may be one or two orders of magnitude
bigger than the free electronic mass. This enhanced elec-
tronic mass is readily noted in specific heat measurements at
low temperatures. Resistivity and magnetic measurements as
function of temperature also show the anomal ous non-fermi
liquid behavior characteristic of a heavy fermion compound.

The intermetallic uranium aloys UgFe and UFe,, have
already been studied by other authors [2-14]. UgFe, solid so-
[ution presents superconductivity with heavy fermion char-
acteristics at 3.86 K [6,7,11], whereas UFe, is a ferromag-
net with Curie temperature about 195 K according to Ko-
mura, et al. [12], Gordon found 151 K [13], and Lin and
Ogilvie [14] reported 172 K, which indicate that the change
in the Curie temperature depends of either the purity of the

elements or preparation method. Other aloys with Feand U
with composition U7Fe, UsFe [9], and UFe, withx = 0to
1.3 at. % Fe[5], have been studied.

In this paper we report our studies on the superconducting
and magnetic behavior of compositions UFe,, with x from
1.60to 13.2 at. % Fe.

2. Experimental procedure

Polycrystalline buttons of different UFe, compositions were
obtained using a radio-frequency induction furnace (RF),
provided with water-cooled cooper crucible. Uranium metal
was purified by a re-melting process under argon atmo-
sphere [15,16], with this process we obtained purities of
about 99.5 % checked by electron microanaysis with res-
olution of 100 nm, and accuracy of about 1%. Iron shots,
purities about 99.999 % (Aldrich) were used. Appropriate
amounts of the two components were melted together several
times (at least six times) in order to assure good homogeneity.
The melting was performed in argon atmosphere (99.99 %).
The resulting compositions were quenched from the RF oven
by turning off the power; the Cu crucible acts as heat sink.
The annealed process was carried out wrapping the samplein
tantalum foil, sealed in quartz tubes, and heated for one day
at 720 °C, and for two days at 600 °C.

With electron-probe microanaysis we examine the sam-
ples; it reveal sthat the as-casting samples were homogeneous
in all six compositions. The Fe content was 1.60, 2.67, 3.67,
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5.54, and 5.96, to 13.20 at. %. The annealed samples showed
small amounts of uranium precipitates in the region of com-
positions, between UgFe and pure uranium. In Fig. 1 we
present the zone of formation for the UFe, from the phase
diagram by Okamoto [3]. It shows maximum solubility of
about 2 % Fe in uranium. The inset of the same figure shows
the compl ete phase diagram.

Powder diffraction data (XRD) were measured at room
temperature in a Siemens D5000 diffractometer, with CuK,
radiation, and scanning speed of 0.3 degree/min from 15°

to 90°. Rietveld refinements were performed using the Ri-
etQuan software [17].

Resistance versus temperature measurement were per-
formed from 1.8 K to 300 K in aquantum design PPM S facil-
ity with the standard four copper wires attached to the speci-
men with silver paint. Magnetic measurements were carried
out in a quantum design SQUID magnetometer at zero field
cooling (ZFC) and field cooling (FC) modes, from 1.8 K to
300 K using low magnetic fields (10 Oe).
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FIGURE 1. U-Fe phase diagram, by Okamoto [3].
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FIGURE 2. Diffraction patterns (crosses) and Rietveld refinements
(solid line) of six UFe, samples. The arrows indicate the position
of selected peaks, as explained in the text. The percentage of Fe, is
shown. Datafor a-U and UgFe are included.
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FIGURE 3. The ratio of intensities 1,/1, for as-casting alloys at
different at. % of Fe. The solid lineis alinear fit.

3. Resultsand discussion

X-ray diffraction patterns for the as-casting samplesfor a-U,
intermediate compositions, and UgFe (x = 13.20) are shown
in Fig. 2. For comparison, we used published files by the
International Center for Powder Diffraction Data as vertical
lines. Rietveld refinements (solid line) performed for compo-
sitions between 0.0 and 1.60 at. % of Fe are almost identical
and agree well with a-uranium data. For the higher compo-
sition with x = 13.20, the dataisin agreement with UgFe [9].
We seein Fig. 2, that when the iron content is increased, for
concentrations above x = 1.60 %, UgFe peaks (20 = 44.55°)
start to be notorious and increase their intensity. At that mo-
ment, the intensities of a-U peaks (20 = 60.30°) start to de-
crease, manifesting the coexisting of two phases. To estab-
lish the approximate limits between these two phases [18],
we utilized the intensities of two unambiguous peaks without
interference of adjacent peaks; one at 20 = 44.55°, belonging
to UgFe and other at 26 = 60.30°, that belongs to a-uranium.
Theratio of intensities between thefirst peak, denoted as (1)
and the second one denoted as(1,,), versusthe % of Fein U is
plotted in Fig. 3. Linear fitting (solid line), permit usto con-
clude, that UgFe phaseis negligible below 1.76 4+ 0.87 at. %
Fe, within the X-ray diffraction resolution (assumed ~5 %),
and also in accord to the phase diagram.

Normalized resistance, R(T)/R(240 K) as function of
temperature, from 1.8 to 4 K for the as-casting samples, is
presented in Fig. 4. The result shows that when iron in-
creases, the slope of the resistance curves increases, and the
system becomes superconducting at about 1.60 at. % Fe. The
critical superconducting temperature, increase up to ~3.59 K
for 13.20 at. % Fe (for more details, see Table 1). Note that
this sample displaysanormalized resistance bigger than other
compositions, which might be due to heavy fermion behav-
ior of the UgFe. Figure 5 shows R(T)/R(240 K) curves for
the annealed samples. In this set of samples, we noted that
R=0 isreached at 3.67 at. % Fe, and Tc decreases for higher
compositions. Tc's, for the as-casting and annealed samples,
for each Fe content are included in Table I. It is important to
mention that the overall resistive behavior of the two fami-
lies of samples (as-casting and anneal ed) measured from 4 K
to 240 K, show notorious differences; whereas the as casting
samples present metallic behavior, the annealed ones present
anoticeable deviation from linearity from 60 to 90 K [16].

M agnetization measurements M(T) performed in samples
with and without annealing, at 10 Oeg, and at ZFC and FC
modes from 1.8 to 4.0 K, are presented in Figs. 6 and 7,
respectively. These measurements confirm the existence of
superconductivity in both sets of samples. For more informa-
tion about the superconducting behavior, the Meissner frac-
tion was determined for the two sets of samples, the values
areincluded in Table . Aswe may see, the Meissner fraction
is increased for the annealed samples. Figure 8 shows the
magnetization in ZFC and FC modes, with applied magnetic
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TABLE |. Critical temperatures determined by R - T and M - T measurements, and the Meissner fraction for different compositions of Fein

UFe, dloys
a. %Fe R-Tascasting R - T annealed M - T as-casting M - T annealed Meissner fraction Meissner fraction
Tc (K) Tc (K) Tc (K) Tc (K) as-casting anneaded
1.60 2.78 — 2.72 250 0.08 0.79
2.67 3.17 2.96 2.87 2.85 0.72 331
3.67 3.43 3.19 321 3.15 0.80 3.37
5.54 3.35 3.25 3.04 324 0.57 5.13
5.96 3.37 3.42 3.14 3.35 0.52 6.98
13.20 3.59 3.48 3.44 3.27 15.45 6.80
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FIGURE 4. Normalized resistance at |ow temperature for as-casting
alloys at different percentages of Fe.

field of 10 Oe for the annealed samples between 5 K and
room temperature. In the FC mode we observed that a spon-
taneous magnetization occurs at about 175 K. This has the
signature of a ferromagnetic transition [4,7]. However, the
important fact is that magnetic ordering does not destroy su-
perconductivity, as observed when the low temperature re-
gion isreached.

According to the previously results, we can conclude that
a solid solution of U-Fe compositions can be formed with
different Fe content. It isfound that the solubility of iron in
uranium is small, but has not been completely determined so
far.

FIGURE 5. Normalized resistance at different at. % of Fe for an-
nealed samples as function of temperature.

However thiswork opens the possibility that v-U inv-Fe and
«a-Fealloys can befound at higher concentrations. The phase
equilibrium diagram of U- Fe needs further study. Going
back to Fig. 3, it is possible to see that the as-casting sam-
ples present two phases, UFe, and UgFe. Thefirst oneisa
solid solution with the maximum solubility at 1.76 4+ 0.87 at.
%Fe, see the doted vertical linein Fig. 1. The second phase
isformed in the peritectic line (810 °C) at 14.28 at. % Fe.

Transport and magnetic measurements show that all al-
loys are superconducting below 3.59 K. The transition tem-
peraturesincreasesfrom 0.6 K (a-U) to below 3.86 K (UgFe).

Rev. Mex. Fis. 50 (1) (2004) 64-69



68 E. VERDIN AND R. ESCUDERO

T T T T T T T T
0.00{ moooooooooooooooooo;

FC
-0.051 T e
3 UFex 1
<>§> as-casting
20104 coomooeonosteestet H=1008e |

00 0 EIDDDISDDDD\I:IDEIEIDIJ_'IDEIDDIEIU"

- .. i
0.1 [ exxoncoonconoonnation 0

M{emu/cm 3)

X(% at Fe)
—o—1.80

02 ZFC & —e—267 |
03| —— 367
L —v—554 |
041 —(—5.96 -
oA —a—13.20 1
051 e
06 e
_0_7 -. 1 . 1 N 1 N 1 N |
2.0 25 3.0 35 4.0
TK
FIGURE 6. Magnetization versus Temperature, for different

at. % of Fe, measured at low magnetic field (10 Oe.), for as-casting
samples. ZFC and FC modes are displayed.
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FIGURE 7. Magnetization versus Temperature, for different at. %
of Fe, measured at amagnetic field (10 Oe.), for annealed samples.
ZFC and FC modes are displayed.
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FIGURE 8. Magnetization versus Temperature at FC and ZFC
modes for annealed samples.

Once the alloys are annealed they are ferromagnetic, with-
out changing the superconducting temperature, but with mag-
netic ordering onset below 200 K. Some authors [4,7] at-
tribute part of this effect to magnetic impurities of UFe,, and
to the strong paramagnetism of the UgFe. Nevertheless the
behavior observed of Tc as function of x in Table I, is un-
usual for thisbinary alloy [19], close similarity was observed
in TiFe, and TiCo, [20], where the 3d magnetic transition
elements (Fe, and Co) increase the superconducting temper-
ature by an order of magnitude. In closing, it is interesting
to observe as aresult of this study, that the Meissner fraction
increased with the magnetic ordering. We conclude that the
coexistence of the two phenomenathat in BCS superconduc-
tors are excluded brings the possibility to study new forms of
paring condensation beyond BCS theory.
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